The luteinizing hormone receptor (LHCGR) is expressed at low levels in mural granulosa cells and cumulus cells of antral follicles and is induced dramatically in granulosa cells but not in cumulus cells by follicle-stimulating hormone (FSH). Therefore, we hypothesized that FSH not only activates transcription factors controlling Lhcgr expression but also alters other events to permit and enhance Lhcgr expression in granulosa cells but not in cumulus cells. In granulosa cells, the level of DNA methylation in the Lhcgr promoter region was significantly decreased by equine chorionic gonadotropin (eCG) in vivo. However, in cumulus cells, hypermethylation of the Lhcgr promoter remained after eCG stimulation. eCG induced estrogen production from testosterone (T) and retinoic acid (RA) synthesis in granulosa cells. When either T or RA in the presence or absence of FSH was added to granulosa cell cultures, the combined treatment with FSH and RA induced demethylation of Lhcgrpromoter region and Lhcgr expression. FSH-dependent RA synthesis was negatively regulated by coculture of granulosa cells with denuded oocytes, suggesting that oocyte-secreted factors downregulate RA production in cumulus cells where Lhcgr expression was not induced. Strikingly, treatment of cultured cumulus-oocyte complexes with a SMAD inhibitor, SB431542, significantly induced RA production, demethylation of Lhcgr-promoter region, and Lhcgr expression in cumulus cells. These results indicate the demethylation of the Lhcgr-promoter region is mediated, at least in part, by RA synthesis and is a key mechanism regulating the cell type-specific differentiation during follicular development.
T he pituitary surge of luteinizing hormone (LH) acts on granulosa cells of preovulatory follicles to induce ovulation (1) , whereas basal levels of LH act on theca cells of growing follicles to maintain androgen biosynthesis; androgen, in turn, is converted to estradiol in granulosa cells (2, 3) . During the development of preovulatory follicles androgens, estradiol and follicle-stimulating hormone (FSH) promote the induction of LH receptors (LHCGRs) in mural granulosa cells that is obligatory for LH-induced cumulus cell-oocyte complex (COC) expansion, ovulation, and subsequent luteinization of granulosa cells (4) .
LHCGR is a member of the G-protein coupling receptor family and is encoded by the Lhcgr gene (5) . Lhcgr is constitutively expressed in theca cells of growing follicles and is selectively expressed in mural granulosa cells of preovulatory follicles but is not expressed in cumulus cells (6) . The FSH-induced expression of LHCGR in granulosa cells is regulated by a PI 3-kinase-PKB pathway activation of b-catenin that binds a TCF3 site in the Lhcgr promoter (7) . The Lhcgr promoter region also has Sp1 binding sites that affect the expression of Lhcgr not only in granulosa cells and theca cells but also in testicular Leydig cells (8) , indicating that Sp1 binding sites may act as a basic regulator of Lhcgr gene expression, whereas the TCF3 region is a modifier to enhance Lhcgr gene expression in granulosa cells.
The transcription factor Sp1 has multiple phosphorylation sites that, when phosphorylated by PKA and PKC in response to FSH, lead to Sp1's transcriptional activation in granulosa cells (9, 10) . Moreover, either FSH or forskolin increase intracellular cyclic adenosine monophosphate levels, which rapidly stimulate the activity of Lhcgr promoter-luciferase reporter constructs in granulosa cells, indicating that the promoter is highly responsive to hormone induction (7) . However, the induction of Lhcgr messenger RNA (mRNA) by FSH in granulosa cells in vitro or in vivo is not rapid and is only observed after .24 hours of FSH and equine chorionic gonadotropin (eCG) treatment (11, 12) . Therefore, not only cell signaling pathways that activate the transcription factors b-catenin and Sp1 but also other unknown mechanisms appear to regulate Lhcgr expression to ensure its expression in granulosa cells of preovulatory follicles is coordinated with the timing of LH surge, thus ensuring female fertility.
In a previous study (13) , we described the following three characteristics of de novo synthesized retinoic acid (RA): (1) It is produced by theca cells and granulosa cells during follicular development, especially in FSHstimulated granulosa cells, due to the high expression of alcohol dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH) family members; (2) acts on granulosa cells and theca cells by activating members of the nuclear receptor RA receptor (RAR) family, including RARg; and (3) when suppressed by the injection of either ADH or ALDH inhibitors, de novo synthesized RA significantly reduced expression of Lhcgr in granulosa cells and suppressed ovulation. On the basis of these results, we hypothesized that RA controls the cell-and timing-specific expression of Lhcgr by indirect mechanisms that affect Lhcgr promoter activation.
One possible mechanism involves epigenetic regulation of Lhcgr promoter activity. Sp1 selectively binds to CG repeat sequences (CpG islands) that, if methylated, prevent Sp1 from binding to this target sequence, resulting in the suppression of gene expression (14) . Zhu et al. (15) reported that the expression level of Lhcgr was associated with the methylation status of the lhcgr promoter region in ovaries of patients with polycystic ovary syndrome (PCOS). However, there is little information about what regulates the epigenetic status of the Lhcgr gene, especially the dynamic changes of methylation that occur in the Lhcgr promoter region in granulosa cells during follicular development. Because the RA-RAR pathway can act not only at the transcriptional level but also as a regulator of epigenetic events (16, 17), we investigated the kinetic changes and cell type-specific changes in the methylation status of the Lhcgr promoter region in distinct ovarian somatic cells during follicular development and ovulation.
Materials and Methods
Materials eCG and human chorionic gonadotropin (hCG) were purchased from Asuka Seiyaku (Tokyo, Japan), Dulbecco's modified Eagle medium (DMEM)/F12 medium and penicillinstreptomycin were purchased from Invitrogen (Carlsbad, CA), fetal calf serum (FCS) from Life Technologies (Grand Island, NY), oligonucleotide poly-(dT) from Invitrogen, and AMV reverse transcription from Promega Corporation (Madison, WI). Routine chemicals and reagents were obtained from Nacalai Chemical Company (Osaka, Japan) or Sigma-Aldrich (St. Louis, MO).
Animals
Immature female (3 weeks old) C57BL/6 mice were obtained from Charles River Laboratories Japan (Yokohama, Japan). Twenty-three day-old female mice were injected intraperitoneally with 4 IU of eCG to stimulate follicular growth; after 48 hours, they were injected with 5 IU of hCG to stimulate ovulation and luteinization. For pharmacological experiments, other immature mice were injected with 8 mg/kg 4-methylpyrazole (4MP; Sigma-Aldrich) two times every 24 hours. To analyze the functional activity of RA in ovaries, CD1 retinoic acid responsive element (RARE) reporter mice harboring an RAresponsive transgene (RARE-Hspa1b-LacZ; Jackson Laboratory, Bar Harbor, ME) were used in this study. The RARE reporter mice allow visualization of the distribution of RA signaling by X-Gal staining (18) . Animals were housed under 12 hours of light:12 hours of dark in the Experiment Animal Center at Hiroshima University and provided food and water ad libitum. Animals were treated in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, as approved by the Animal Care and Use Committee at Hiroshima University.
RNA extraction
Total RNA was obtained from mouse granulosa cells, from cumulus cells in COCs, theca cells (remaining cells excluding granulosa cells from each ovarian follicle), granulosa cells cultured with or without germinal vesicle (GV)-stage oocytes or cultured COCs using RNAeasy Mini Kit (Qiagen Germantown, MD) according to the manufacturer's instruction. Total RNA (100 ng) was reverse transcribed using 500 ng of poly-dT (Invitrogen) and 0.25 U of avian myeloblastosis virus-reverse transcription (Promega) at 42°C for 75 minutes and at 95°C for 5 minutes.
Real-time polymerase chain reaction
Complementary DNA and primers were added to 15 mL total reaction volume of Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA). Polymerase chain reactions (PCRs) were then performed using the StepOne RealTime PCR system (Applied Biosystems). Conditions were set to the following parameters: 10 minutes at 95°C, followed by 40 
Bisulfite sequence assay
CpG islands in the putative Lhcgr promoter region were predicted by the MethPrimer database (http://www.urogene. org/methprimer/). Genomic DNA (1 mg) and 0.3 M NaOH (Nacalai) were added to the sodium bisulfite reaction mix using the EpiTect Bisulfite Kit (Qiagen), and then incubated at 37°C for 20 minutes. A program of bisulfite DNA conversion was set to the following parameters: 5 minutes at 95°C, 25 minutes at 60°C, 5 minutes at 95°C, 85 minutes at 60°C, 5 minutes at 95°C, 175 minutes at 60°C, 5 minutes at 95°C, and 120 minutes at 60°C.
After this reaction, the bisulfite-converted DNA was purified and then used for PCR using a specific primer set to amplify the sequences containing CpG islands in the Lhcgr promoter region. The primer sets are forward, 5 0 -GTGAGAGGGGAGGGTTGGAG-3 0 , and reverse, 5 0 -TTCAAGACCAACATTACCAA CACCA-3 0 . The PCR product was cloned into TOPO TA cloning vector (Invitrogen) for the sequence analysis. The sequence analysis was performed using BigDye Terminator version 3.1/1.1 Cycle Sequencing Kit (Applied Biosystems). Sequence analysis was performed on more than five colonies for each treatment. DNA nucleotide sequence was determined using the 3130/3130xl Genetic Analyzer (Applied Biosystems). The percentage of methylation of CpG sites in the Lhcgr promoter region was analyzed by the Quantification tool for Methylation Analysis (http://quma.cdb.riken.jp/).
Isolation and in vitro culture of granulosa cells
Granulosa cells were collected from ovaries of immature mice (3 weeks old) at 6 hours after injections of eCG. The cells were collected in a 15-mL tube and were centrifuged for 5 minutes at 750g. After the supernatant was removed, the cell pellet was suspended again in medium (DMEM/F12 containing penicillin and streptomycin; Invitrogen) and then the mixture was seeded onto an FCS-recoated 96-well plate. Granulosa cells were treated with 50 ng/mL FSH (National Institute of Diabetes and Digestive and Kidney Diseases, Torrance, CA) in the absence of FCS or in the presence of 1% FCS. Some granulosa cell wells were treated with testosterone (T; 10 ng/mL), estradiol 17b (1 mM), 5-aza-2ʹ-deoxycytidine (5azadC; 1 or 2 mM), or 1 mM RA (all from Sigma-Aldrich) in the presence or absence of FSH.
Isolation and in vitro culture of COCs
Ovaries of immature mice primed with eCG for 48 hours contain multiple preovulatory follicles. COCs were isolated from these follicles by needle puncture and collected by pipette. Groups of 50 COCs per well were cultured in DMEM/F12 medium containing 0.23 mM sodium pyruvate (Nacalai), 3 mg/mL bovine serum albumin (Sigma-Aldrich), 10 mM estradiol 17b (Sigma-Aldrich), and 0.2 mM of 3-isobutyl-1-methylxanthine (IBMX; Sigma-Aldrich) in a four-well dish for 20 hours. IBMX was added to suppress the spontaneous oocyte maturation. Some COCs were cultured in medium containing 5 mM RA (Sigma-Aldrich) or 2 mM SB431542 (Cayman Chemical, MI) and 1% FCS.
Isolation and coculture of oocytes with granulosa cells
Granulosa cells were collected from ovaries of immature mice (3 weeks old) as described previously in the "Materials and Methods" section. GV-stage oocytes were collected from COCs isolated from each ovarian antral follicle by needle puncture. Granulosa cells and GV-stage oocytes were cocultured in a 96-well plate (HTS Transwell-96 Permeable Support with 8.0-mm Pore Polyester Membrane no. 3374; Corning Incorporated, Kennebunk, ME) for 48 hours and treated with 50 ng/mL FSH and 10 ng/mL T or 10 mM RA in the presence of 1% FCS and 0.2 mM IBMX. IBMX was added to suppress the spontaneous oocyte maturation because GV-stage oocytes strongly suppressed Lhcgr expression in granulosa cells.
Quantitative b-galactosidase activity assay
COCs, granulosa cells, theca cells (remaining cells excluding granulosa cells from each ovarian follicle), and granulosa cells cultured with or without GV-stage oocytes or cultured COCs were lysed with cell extract buffer [20 mM sodium phosphate solution (pH 7.2), 50 mM 2-mercaptoethanol solution, and 1 mM MgCl 2 ]. Extracts were centrifuged at 15,000 rpm at 4°C for 5 minutes. The supernatant from each sample was used to measure protein concentrations. 10 mL of 30 mg/mL chlorophenol red-b-D-galactopyranoside (Roche Diagnostics, Indianapolis, IN)/double-distilled water was added to each 200 mg of cell extract and incubated at 37°C for 2 hours. The reactions were stopped by adding 100 mL of 1 M sodium carbonate. b-galactosidase activity was measured using a microplate reader to determine the amount of substrate converted at 595 nm.
Statistics
Statistical analyses of all data from three or four replicates for comparison were carried out by one-way analysis of variance followed by Fisher t test (Statview; Abacus Concepts, Berkeley, CA).
Results

DNA methylation levels in the Lhcgr promoter region differ in each type of ovarian somatic cell
Using the MethPrimer database, 15 sites of GC-rich sequences (CpG islands) from 2140 bp to +60 bp in the Lhcgr promoter region were identified (Fig. 1A) . The degree of methylated CpG islands was calculated by using the Quantification tool for Methylation Analysis. In cumulus cells, .50% of cytosines in the CpG islands of the Lhcgr promoter region were methylated when cumulus cells were recovered from either immature mice or eCG-injected mice. Although almost a similar degree of Lhcgr promoter methylation (;50%) was observed in granulosa cells as in cumulus cells before eCG injection, the degree of methylation was significantly decreased by eCG in a time-dependent manner, reaching ,20% at 48 hours after hormone treatment. In theca cells, the degree of CpG island methylation in the Lhcgr promoter was ;20% and this level was not significantly changed during eCG-induced follicular development (Fig. 1B) .
The expression levels of Lhcgr in cumulus cells, granulosa cells, or theca cells were analyzed by real-time PCR. In cumulus cells, the expression of Lhcgr was not The kinetic changes of cytosine methylation in the Lhcgr promoter region in cumulus cells, granulosa cells and theca cells after eCG injection. Sequence analysis was performed on more than five colonies for each treatment. The studies were repeated three times. Values are given as mean 6 standard error of the mean (SEM). Significant differences were observed between eCG at 0 hours and eCG-primed mice (P , 0.05). (C) The kinetic changes of the expression of Lhcgr in cumulus cells, granulosa cells, and theca cells after eCG injection. Levels of mRNA were normalized to that of L19. Values are presented as the mean 6 SEM of three replicates. *P , 0.05. dramatically changed by eCG injection. In granulosa cells, the expression of Lhcgr was low, as in cumulus cells before eCG treatment, whereas the expression was significantly induced after hormone injection. In theca cells, Lhcgr expression was much higher than in cumulus cells or granulosa cells of immature mice but was not further increased by eCG injection (Fig. 1C) .
De novo synthesized RA during follicular development induces DNA demethylation of the Lhcgr promoter region in granulosa cells
When the ADH inhibitor 4MP was coinjected with eCG into immature female mice, the level of DNA methylation in the Lhcgr promoter region was not affected in cumulus cells or theca cells. However, in granulosa cells, the eCGinduced demethylation of the Lhcgr promoter region was significantly blocked by the combined treatment with 4MP ( Fig. 2A) . Concomitantly with increased methylation of the Lhcgr promoter region in granulosa cells, eCGinduced Lhcgr expression was significantly suppressed by 4MP. The inhibitor did not alter methylation in cumulus cells and theca cells (Fig. 2B) .
Lhcgr mRNA expression in granulosa cells depends on FSH stimulation and either treatment with DNA methyl transferase inhibitor or RA in culture
When undifferentiated granulosa cells were cultured with FSH and/or a DNA methyltransferase inhibitor, 5azadC, the combined treatment with FSH and 2 mM 5azadC for 48 hours significantly increased the level of Lhcgr mRNA as compared with that by either FSH or 5azadC treatment alone ( Fig. 3A; Supplemental Fig. 2) . Methylation of the Lhcgr promoter region was ;50% in granulosa cells cultured for 48 hours in FSH alone. The addition of 2 mM 5azadC to FSH-containing medium significantly decreased the methylation of the Lhcgr promoter region to ;15% (Fig. 3B) .
Methylation of the Lhcgr promoter region was not significantly changed when granulosa cells were cultured in the presence of either FSH, T, or RA in the FCS-free condition. The combined treatment with FSH and T also did not significantly affect the methylation status. However, methylation of Lhcgr promoter was significantly decreased when cells were cultured with FSH plus RA and further reduced to ;20% by the addition of T to the medium containing FSH and RA (Fig. 3C) . The expression of Lhcgr was not significantly induced by FSH, RA, T, or FSH plus T treatment groups, whereas the addition of RA to FSH-containing medium or FSH plus T -containing medium significantly increased the level of Lhcgr mRNA (Fig. 3D) .
When FCS was added to granulosa cell culture medium, FSH plus T treatment significantly increased Lhcgr expression (Supplemental Fig. 1A ) and significantly reduced methylation of Lhcgr promoter region (Supplemental Fig. 1B) without RA treatment.
Relation of RA synthesis pathways and DNA methylation of the Lhcgr promoter region during follicular development
In granulosa cells, the expression of genes involved in RA synthesis, Aldh1a1, Adh1a7, Adh1 and Adh5 was significantly increased by eCG injections. The expression of Cyp26b1 (controlling RA degradation) was significantly decreased by eCG in granulosa cells (Fig. 4A) . In cumulus cells, the expression levels of Aldh1a7, Adh1, and Adh5 were also significantly increased by eCG injection; however, a reduction of Cyp26b1 expression was not observed in cumulus cells (Fig. 4B) . The level of de novo synthesized RA was examined by analyzing the RARE reporter mice. LacZ enzyme activity in granulosa cells, but not in cumulus cells, was significantly increased by eCG (Fig. 4C) .
The RA synthesis and demethylation of Lhcgr in granulosa cells during follicular development is regulated, in part, by factors coming from oocytes When granulosa cells were cocultured with the different numbers of GV-stage oocytes, increased numbers of GV-stage oocytes (60 to 90 oocytes per 150 mL of medium) significantly suppressed the expression of the Aldh1a1, Aldh1a7, and Lhcgr genes and significantly increased Cyp26b1 expression (Fig. 5A and 5B). LacZ enzyme activity of granulosa cells from RARE-LacZ mice was also significantly decreased by coculture with oocytes (Fig. 5A ). The addition of RA overcame the negative effect of coculture with oocytes on Lhcgr expression in granulosa cells (Fig. 5C) . Methylation of the Lhcgr promoter region was significantly increased by the coculture with oocytes, whereas the addition of RA overcame the negative effect (Fig. 5D ).
Treatments with RA or SMAD inhibitors induced Lhcgr expression in cumulus cells of COCs
Oocytes release transforming growth factor-related factors (GDF9 and BMP15) that can activate intracellular SMAD pathway in cumulus cells and granulosa cells (19) . When COCs were treated with the SMAD inhibitor SB431542, the expression levels of RA synthesizing enzymes (i.e., Adh1, Aldh1a1, and Aldh1a7) were significantly increased as compared with those in cumulus cells of control COCs. LacZ enzyme activity in cumulus cells of COCs in RARE-mice was also significantly increased by the SMAD inhibitor (Fig. 6A) . Furthermore, SB431542 significantly increased the expression of Lhcgr in cumulus cells of COCs and this was associated with reduced methylation of the Lhcgr promoter region (Fig. 6C) .
When COCs were cultured with RA, the expression of Lhcgr was significantly increased (Fig. 6B ) and the degree of DNA methylation in Lhcgr promoter region was significantly decreased as compared with that in control (Fig. 6C ).
Discussion
The expression pattern of Lhcgr is specific in each ovarian somatic cell type during follicular development; in theca cells, Lhcgr is constitutively expressed; in granulosa cells, Lhcgr is induced by FSH; and in cumulus cells, Lhcgr expression is low and is not induced by FSH (20, 21) . The differences in Lhcgr expression have been thought to be regulated primarily by oocyte-secreted factors, based on the evidence that the addition of denuded oocytes to granulosa cell cultures significantly decreases Lhcgr expression (6) and because oocytectomy induced Lhcgr expression in cumulus cells (19) . Although the oocyte-derived factors GDF9 and BMP15 affect the function and phenotype of cumulus cells (22) , whether the same or related factors or other hormones control Lhcgr expression in granulosa cells remain to be clearly defined.
In the current study, we document that eCG treatment in vivo dramatically induced Lhcgr expression in granulosa cells and that the induction of Lhcgr expression was associated with reduced methylation of the Lhcgr promoter region in granulosa cells. By contrast, Lhcgr was not induced in cumulus cells, where .50% of the cytosines in the Lhcgr promoter region remained methylated. One transcription factor that facilitates Lhcgr expression is Sp1, which binds to CpG islands within promoter regions (14) . For example, CpG islands are present in the Lhcgr promoter region and have been functionally linked to Lhcgr expression. Specifically, in the highly methylated JAR cell line, the CpG islands in the Lhcgr promoter region are methylated, Lhcgr expression is low, and treatment with the histone deacetylase Significant differences were observed between the control group (without any hormones) and the treatment group of FSH plus RA or FSH plus RA plus T (P , 0.05). Sequence analysis was performed on more than five colonies for each treatment. The studies were repeated three times. Values are given as mean 6 standard error of the mean (SEM). Granulosa cells were cultured with T (10 ng/mL). Granulosa cells were cultured with 50 ng/mL FSH. Granulosa cells were cultured with 1 mM RA. (D) The expression of Lhcgr in cultured granulosa cells. Significant differences were observed between the control group (without any hormones) and the treatment group of FSH plus RA or FSH plus RA plus T (P , 0.05). Levels of mRNA were normalized to that of L19. Values are given as mean 6 SEM of three replicates. The value of the control group (without any hormones) was set as 1, and the data are presented as fold induction. Granulosa cells were cultured with 10 ng/mL T. FSH: Granulosa cells were cultured with FSH (50 ng/mL). RA: Granulosa cells were cultured with RA (1 mM). *P , 0.05. inhibitor trichostatin A does not induce Lhcgr transcription (23) . On the other hand, in MCF7 cells, which are a hypomethylated cell line, Lhcgr expression is detected and further induced by trichostatin A treatment (23) , indicating that Lhcgr expression in follicular somatic cells might be associated the methylation status of the Lhcgr promoter region.
To test this hypothesis, we used two approaches in the current study: (1) Using in vitro culture of granulosa cells, we examined the relationship between the DNA methylation status in Lhcgr promoter region and the expression of Lhcgr mRNA; and (2) we used in vivo studies to analyze RA de novo synthesis and the demethylation of the Lhcgr promoter region. We observed that when granulosa cells were cultured with the DNA methyltransferase inhibitor 5azadC or with FSH alone, Lhcgr expression was not induced. However, Lhcgr expression was significantly increased and DNA methylation of the Lhcgr promoter was significantly reduced when FSH and 5azadC treatments were combined. Previously, we observed that RA is synthesized in granulosa cells during follicular development, is dependent on the induction of ADH and ALDH family members by FSH, and that RA synthesis influences Lhcgr expression (13) .
Herein, we show that the injection of the ADH inhibitor 4MP with eCG suppressed the FSH-induced demethylation of the Lhcgr promoter region in granulosa cells and prevented induction of Lhcgr mRNA. Furthermore, the addition of RA to FSH-containing medium induced Lhcgr expression and demethylation of its promoter region in granulosa cell cultures. More importantly, like 5azadC alone, neither FSH alone nor RA alone increased Lhcgr expression, strongly suggesting that the demethylation of the Lhcgr promoter involves FSH-dependent RA biosynthesis that facilitates the ability to FSH to subsequently induce Lhcgr expression. The enhanced ability of FSH to induce Lhcgr in the presence of RA likely involves the transcription factors, Sp1 and b-catenin, which are activated by FSH signaling (7) and bind to the unmethylated Lhcgr promoter region. The fact that FSH rapidly activates Lhcgr promoterreporter constructs in cultured granulosa cells (7), whereas .24 hours of culture or after eCG injection in vivo are required for the induction of Lhcgr expression, supports the hypothesis that demethylation of the Lhcgr promoter preceded, and is obligatory for, FSH induction of this gene (11, 12) .
Cumulus cells secrete GDF9 and BMP15, which regulate metabolic pathways in cumulus cells and granulosa cells (24, 25) . In cumulus cells, the expression of enzymes regulating RA biosynthesis, ADH, and ALDH was lower than that in FSH-stimulated granulosa cells and appears to be related to the suppression of the RA pathway by transforming growth factor b factors GDF9 and BMP15 SMAD-signaling events (26) for two reasons: (1) The SMAD inhibitor induced ADH and ALDH enzymes in cumulus cells and (2) the addition of denuded oocytes suppressed FSH-changed ADH and ALDH expression in granulosa cells. Moreover, the addition of RA to COC cultures induced Lhcgr expression in cumulus cells and decreased DNA methylation of the Lhcgr promoter region. The negative functional interplay between RA and SMAD signaling pathways is also operative in mouse embryonic palate mesenchymal cell proliferation (27, 28) , supporting our observations. Thus, the cell-specific synthesis of RA in granulosa cells of antral follicles appears to be a key regulator of preovulatory follicular development via cell-specific epigenetic regulations.
Using transcriptome analyses, the abnormal expression of genes involved in RA synthesis and SMAD signaling pathways was reported in granulosa cells of patients with PCOS (29) (30) (31) . Specifically, higher expression of LH receptor is observed in theca cells and in granulosa cells of PCOS ovaries at early stages of follicular development, which results in premature luteinization of the granulosa cells (32, 33) . Ovulation is not induced in patients with PCOS, and the quality of oocytes Values are given as mean 6 SEM of more than three replicates. Significant differences were observed compared with those treated with no oocytes (P , 0.05). (B) The effect of oocytes on the expression of Lhcgr in granulosa cells. Granulosa cells were collected from ovaries of immature mice after treatment with eCG for 6 hours, and were cultured in the medium supplemented with FSH plus T in the presence of 1% FCS. GV-stage oocytes were collected from COCs. None, 30, 60, or 90 GV-stage oocytes per 150 mL were cocultured with granulosa cells. Values are given as mean 6 SEM of three replicates. The value of granulosa cells at 0 hours cultured without denuded oocytes was set as 1, and the data are presented as fold induction. FSH plus T : Granulosa cells were cultured with 50 ng/mL FSH and 10 ng/mL T for 48 hours. Significant differences were observed compared with cells treated with no oocytes (P , 0.05). (C) The additional treatment with RA rescued the negative effects of denuded oocytes on Lhcgr expression in granulosa cells. RA (1 mM) was added to the 150 mL of medium in which granulosa cells were cultured with 90 GV-stage oocytes. Significant differences were observed as compared with cells treated with 90 oocytes per 150 mL (P , 0.05). (D) The effect of oocytes on the methylation levels of Lhcgr promoter region in granulosa cells. Granulosa cells were collected from ovaries of immature mice, after treating with eCG for 6 hours, and were cultured in the medium supplemented with FSH plus T in the presence of 1% FCS. GV-stage oocytes were collected from COCs. GV-stage oocytes (90 per 150 mL of medium) were cultured with granulosa cells in a 96-well plate. Values are given as mean 6 SEM of three replicates. FSH plus T: Granulosa cells were cultured with 50 ng/mL FSH and T10 ng/m T for 48 hours. RA (1 mM) was added to the in vitro culture of granulosa cells with 90 GV-stage oocytes per 150 mL of medium. Significant differences were observed as compared with cells treated with 90 oocytes per 150 mL of medium. *P , 0.05. collected from preovulatory follicles in hormonal stimulation cycle is lower than that in normal patients (34) . Some patients with PCOS have a single nucleotide polymorphism in Bmp15 (35); single nucleotide polymorphism in Bpm15 also increases the risk of ovarian hyperstimulation syndrome (36) . Ovarian hyperstimulation syndrome may also be related to Lhcgr expression or responses to LH and hCG, suggesting that reduced or altered oocyte functions (i.e., reduced GDF9 or BMP15) may lead to abnormal follicular functions due to incomplete or altered epigenetic regulation of Lhcgr and likely other genes in granulosa cells and cumulus cells. Furthermore, with increasing age, oocyte quality is reduced and follicular development is impaired not only during natural cycles but also in controlled ovarian stimulation as compared with those in younger women (37) . Because the secretion levels of oocyte-derived factors are decreased with increasing age (38) , one reason why the success rate of assisted reproductive technology is decreased in older patients may be associated with abnormal epigenetic regulation of granulosa cell and cumulus cell genes. DNA methylation status in ovarian somatic cells might provide a novel marker to determine whether matured oocytes are of high developmental competence. To clear this hypothesis, we are trying to comprehensively understand the changes of DNA methylation status, not only Lhcgr but also in the whole genome in granulosa cells during follicular development, and the relationship between the changes and the functions of oocytes.
In conclusion, the expression of Lhcgr in each type of ovarian somatic cell is associated with the level of DNA methylation within the Lhcgr promoter. Demethylation of the Lhcgr promoter region is enhanced by RA, which is specifically synthesized de novo sin granulosa cells in response to FSH and treatment with eCG. In cumulus cells, RA synthesis is suppressed and DNA methylation of the Lhcgr promoter region is maintained by oocytesecreted factors. Thus, the cell type-specific synthesis of RA and the regulation of DNA demethylation are key factors that control the cell type-specific differentiation of ovarian somatic cells in antral follicles and their ability to respond to the ovulatory LH surge to release matured oocytes.
